In trypanosomatids, all mRNAs are processed via trans-splicing, though cis-splicing also occurs. In trans-splicing, a common small exon, the spliced leader (SL), which is derived from a small SL RNA species, is added to all mRNAs. Sm and Lsm proteins are core proteins that bind to U snRNAs and are essential for both these splicing processes. In this study, SmD3 and Lsm3 associated complexes were purified to homogeneity from Leishmania tarentolae. The purified complexes were analyzed by massspectrometry and 54 and 39 proteins were purified from SmD3 and Lsm complexes, respectively. Interestingly, among the proteins purified from Lsm3, no mRNA degradation factors were detected, as in Lsm complexes from other eukaryotes. The U1A complex was purified and mass-spectrometry analysis identified, in addition to U1 snRNP proteins, additional copurified proteins including the polyadenylation factor, CPSF73. Defects observed in cells silenced for U1 snRNP proteins suggest that the U1 snRNP functions exclusively in cis-splicing, though U1A also participates in polyadenylation and affects trans-splicing. The study characterized several trypanosome-specific nuclear factors involved in snRNP biogenesis, whose function was elucidated in Trypanosoma brucei. Conserved factors, such as PRP19, which functions at the heart of every cis-spliceosome, also affects SL RNA modification; GEMIN2, a protein associated with SMN (survival of motor neurons) and implicated in selective association of U snRNA with core Sm proteins in trypanosomes, is a master regulator of snRNP assembly. This study demonstrates the existence of trypanosomatid-specific splicing factors, but also that conserved snRNP proteins possess trypanosome-specific functions.
Pre-mRNA processing is mediated by the spliceosome, which is assembled in a stepwise manner on pre-mRNA (1) . Although pre-mRNA splicing is mediated by RNA, the splicing factors not only play key roles in the formation of the spliceosome, but may even directly participate in catalysis (2) .
The human spliceosome contains 45 distinct snRNP associated proteins, and up to 300 distinct proteins co-purify with the complex (3). However, only 170 of these proteins were identified as part of active spliceosomes (4) .
In contrast to the mammalian and yeast systems, little is known about trypanosome snRNP proteins. In trypanosomes, all mRNAs are processed by trans-splicing. Trans-splicing is mediated by ligating a common spliced leader (SL) to all mRNAs from a small RNA donor, the SL RNA (5) . Trypanosomes possess all the U snRNPs but only U2, U4, U5 and U6 were suggested to function in trans-splicing (5, 6) . U1 snRNP exists in trypanosomes, most probably for mediating the splicing of cis-spliced introns, but its role in transsplicing has not been investigated (7, 8) .
Over the past few years, progress has been made in describing a variety of trypanosome splicing factors, and their function was elucidated by downregulation via RNAi. Among these factors are Sm proteins, Lsm proteins, and SSm proteins (9) (10) (11) (12) (13) . SSm proteins are specific Sm proteins that bind either U2 or U4 snRNP and substitute for the canonical Sm proteins (12, 13) . Splicing defects such as an increase in the level of SL RNA and changes in the level of the Y structure intermediate were observed upon the depletion of the splicing factors, PRP31 and PRP43 (14) . More recently, U2AF35, U2AF65 and SF1, the factors that function to select the correct 3' AG splice sites were identified, and their function in trans-splicing was elucidated (15) .
A ~45 S complex that carries all the U snRNPs, including U1 snRNP and SL RNP and the splicing intermediates was identified, suggesting the existence of a single-spliceosome complex that can potentially conduct both trans-and cis-splicing reactions (14) .
SL RNA, the donor of the trans-spliced exon, has a very unique biogenesis. As opposed to U snRNAs, which are transcribed in trypanosomes by polymerase III (16) , the SL RNA is transcribed from a defined polymerase II promoter, and its transcription requires the tSNAP complex (17, 18) . Transcription of SL RNA takes place in a distinct nuclear site, near the nucleolus (19) . This compartment was termed the "SL RNP factory" because Sm assembly and modification, such as the pseudouridylation by spliced leader associated (SLA1) RNA, take place in this sub-domain (13, 20) .
Two recent studies purified and analyzed T. brucei snRNP proteins by mass-spectrometry. The first study purified proteins associated with SmB (21) and led to the identification of 30 components of the trypanosome spliceosome. One protein, SMN (survival of motor neurons), was studied in detail. In metazoa, this protein, along with the proteins GEMIN 2-8, serves as the scaffold for snRNP assembly in the cytoplasm (22) . The trypanosome SMN homologue is smaller, localized in the nucleus, and specifically and stably interacts with the SmD3/B subcomplex. In vitro experiments demonstrated that SMN is sufficient to confer specificity to Sm core assembly, and to discriminate against binding of the canonical Sm core to nonspecific RNA species and to snRNAs with noncanonical Sm sites, such as U2 and U4 snRNAs (21) . A homologue of GEMIN2 was also identified, but its exact role during Sm core assembly was not established (21) . Purification of SmD1 complexes from T. brucei was also recently published. This study identified 47 spliceosome proteins, as well as 21 novel proteins lacking a specific annotation (23) .
Lsm proteins, unlike Sm proteins, are involved in nuclear processing and turnover of RNAs in eukaryotes. Lsm proteins form two distinct complexes, the Lsm2-8 complex, which binds U6 snRNA, and the Lsm1-7 complex, which governs mRNA degradation (24, 25) . Initially, seven Sm-like (Lsm) proteins were identified in T. brucei (11) . Functional studies on two of these proteins, Lsm3 and Lsm8, suggest that these proteins not only bind U6 but also affect mRNA stability (11) . Two of these proteins were later identified as SSm proteins that bind to U2 and U4 snRNAs (13) , and ultimately, the entire complex that binds the U6 snRNA was identified (26) . Interestingly, localization studies demonstrated that the Lsm proteins localize near the nucleolus, but cannot be detected in cytoplasmic bodies analogous to Pbodies in other eukaryotes (26) .
In this study, the SmD3, Lsm3 and U1A associated proteins were purified from L. tarentolae and subjected to mass-spectrometry. Interestingly, Lsm purification did not reveal any factors involved in mRNA degradation. The function of selected snRNP proteins that were identified by massspectrometry in Leishmania was elucidated by RNAi silencing and in situ tagging in T. brucei. Silencing of U1A, as opposed to other U1 snRNP proteins, affected both cis-and trans-splicing as well as polyadenylation. The purification of U1A associated proteins from L. tarentoale also identified, in addition to the U1 snRNP proteins, factors involved in splicing and polyadenylation. PRP19, a splicing factor that is associated with U5 snRNP in active cis-spliceosomes (27) affected the capping of SL RNA and is also found in the "SL RNP factory", suggesting a unique function in trypanosomes. GEMIN2, the factor that associates with SMN was localized to the "SL RNP factory", but also to other domains in the nucleus. Silencing of GEMIN2 affected the level of all sn and SL RNAs, suggesting a major role in snRNP biogenesis. Although U1, U5 and SL RNA assemble with the same core Sm proteins, U1 and U5 snRNP proteins are not found in the "SL RNP factory", suggesting that the SL RNP factory is a distinct and exclusive site for SL RNP production. This study highlights the function of universal splicing factors that acquired unique functions in trypanosomes, as well as that of trypanosomespecific splicing factors. cells were resuspended in 15 ml buffer II (buffer I with 1 mM DTT and 10 µg/ml leupeptin), equilibrated in a nitrogen cavitation bomb (Parr Instruments Company) with 750 psi N 2 for 1 hr at 4°C, and disrupted by release from the bomb. After release of the pressure, protease inhibitor cocktail (Roche) was added, and the extract was treated with 0.5% Triton X-100. The extract was incubated at 4 o C for 15 min, cleared by centrifugation (15,000×g) , and the supernatant was incubated while rotating for 2 hrs with Rabbit IgG-Agarose beads (200 µl), (Sigma). The beads were washed five times with TEV buffer (buffer I with 0.5 mM DTT, 0.5 mM EDTA), and incubated overnight in 1.5 ml TEV buffer with 200U of TEV protease (Promega). After centrifugation, the supernatant was incubated with 50 µl Strep-T actin Sepharose beads (IBA, USA) for 1 hr. The beads were washed with buffer III (TEV buffer with 2 mM 3-[(3-cholamidopropyl)dimethyl-ammonio]-1-propanesulfonate (CHAPS) (GE Healthcare, USA)), and the complexes were eluted with elution buffer (100 mM Tris-Cl pH 8, 150 mM NaCl, 1 mM EDTA) containing 2.5 mM d-Desthiobiotin (Sigma). The proteins were analyzed by massspectrometry as follows: the samples for MS analysis were digested with trypsin, analyzed by LC-MS/MS on an LTQ-Orbitrap (Thermo, USA), and identified by Sequest 3.31 software against the GeneDB L. major specific database (www.genedb.org). T. brucei, cell lines and transformation. The silencing constructs using the T7 opposing and the stem-loop constructs were prepared using primers listed in S-1, as previously described (9, 29) . To generate the YFP/CFP-tagged constructs, PCR fragments were amplified using the primers listed in S-1. The fragments were cloned into the p2828-YFP and p2709-CFP vectors as previously described (26, 30) . To generate the PTP-tagged constructs that encode for a triple tag composed of the ProtC binding site, TEV protease recognition site and protein A, the gene of interest was amplified with primers listed in S-1, and cloned into the PTP vector (8) . Northern and primer extension analyses. Primer extension was performed as previously described (9) . The extension products were analyzed on 6% acrylamide denaturing gels. Primers are listed in S-1. For Northern analysis, total RNA was extracted, separated on an agarose-formaldehyde gel, and analyzed using a DNA probe that was prepared by random-labeling (9) . Primers are listed in S-1. To determine changes in the level of RNA, the phosphorimages were subjected to densitometric analysis using ImageJ. The standard-deviation is indicated for experiments that were repeated three times and more. In situ hybridization combined with immunofluorescence. In situ hybridization with SL RNA was performed as recently described (20) . The slides were incubated with 1:400 diluted primary anti U1 70 kDa antibodies that were detected using IgG conjugated to FITC. Nuclei were stained using 4'-6'-diamidino-2-phenylindole (DAPI) or propidium iodide (PI). The cells were visualized under a Zeiss LSM 510 META inverted microscope. Generation of antibodies against U1 70 kDa. The full-length sequence of U1 70 kDa (Tb927.8.4830) was cloned into the pHIS vector. Recombinant protein was purified using the Bugbuster reagent (Novagen, Inc., USA), and 400 µg purified protein was used for multiple injections into rabbits, as previously described (26) . Poly (A) tail assay. Total RNA was subjected to splint labeling that labels only the poly (A) RNA. Ten to twenty µg of RNA was mixed with 150 pmol of an oligonucleotide that included poly T complementary to the poly (A), and runs of G (see S1for the primer sequence). The mixture was heated for 2 min at 85 o C in 50 mM Tris-HCl [pH 7.8], 10mM MgCl 2 , and 1 mM DTT. The annealing reaction was quenched on ice for 30 min, 50 µCi of [α-
32 P]-dCTP (3000 Ci/mmol) and 5 units of T7 DNA polymerase (Sequenase v. 2.0, USB) were added, and the reaction was incubated for 1 h at 37 o C. The RNA was incubated with 2 µg RNaseA, 5 U T1 (RNase/T1 mix, Fermentas) and 20 µg yeast tRNA (Ambion) in 10 mM Tris-HCl, 2mM MgCl 2 , 2mM DTT, 0.2 mM ATP, 2% (v/v) DMSO, 300mM NaCl, and 5mM EDTA at 37 o C for 30 min. After phenol/chloroform extraction and ethanol precipitation, the tails were separated on 15% denaturing gel. Quantitation of intensity of the labeled tails was performed by analyzing the phosphorimages using ImageJ. Live cell imaging of the YFP/CFP-tagged proteins T. brucei cells expressing the YFP-tagged proteins were stained with 1µg/ml HOECHST 33342 (Molecular Probes) for 30 min, then washed in phosphate-buffered saline (PBS) and dropped on slides. Image acquisition was performed with a motorized Zeiss AxioImager Z1 wide-field microscope equipped with an EC Plan-Neofluar 100x/1.30 Oil Iris M27 objective and AxioCamHR CCD camera. The microscopic setup was controlled using the features of the AxioVision software (version 4.6.3.0, Carl Zeiss Imaging Solutions GmBH). For all images, the exposure times were automatically adjusted to the desired maximum signal intensity, preventing overexposure. 3D images were acquired using the optimal sampling density derived from the optical setup as stacks of 30 images taken with a Z step size of 0.3 µm. Following image acquisition, the raw data were exported to the Huygens Essential software (version 3.4.0.1 for Windows x64, Scientific Volume Imaging B.V.), and digital de-convolution was performed using the "maximum likelihood estimation" (MLE) algorithm (>100 iterations). The theoretical point spread function (PSF) was used for the deconvolution process . The restored image data set was visualized and analyzed with the Imaris software package, featuring the "Surpass" module (version 6.1.5 for Windows x64, Bitplane AG).
RESULTS

Identification of proteins associated with SmD3 and Lsm3.
The proteins associated with SmB and SmD1 were recently identified after purification of these TAP-PTP-tagged proteins in T. brucei. SmB binds to U1, U5, U4 and SL RNA (21) , and SmD1 binds to U1, U2, U4, U5, and SL RNA (23) . In this study, we chose to identify the proteins that co-purified with SmD3, since this protein binds only to U1, U5 and SL RNA, thus increasing the probability of identifying SL RNP-specific proteins. Leishmania tarentolae was chosen as an experimental system, because it was used previously to purify RNP complexes (31) and was also utilized for functional analysis of SL RNA (32) . Since the genome of L. tarentolae is not available, we expressed in L. tarentolae proteins derived from the closely related species, L. major. The proteins were cloned into the pSAP1 vector, carrying a C-terminal tag composed of a protein A binding domain, the TEV protease cleavage site, and the streptavidin binding peptide ( Fig. 1-A) . The results suggest that the tagged proteins expressed in the transgenic parasites were of the expected size ( Fig. 1-B) . Purification of the complexes was carried out as described in Experimental Procedures. RNA was extracted from the final step of purification, separated on a denaturing gel alongside total RNA, and stained with silver. The results ( Fig. 1-C-a and b) demonstrate that during SmD3 purification three RNA species with sizes corresponding to SL RNA, U1 and U5 were selected (Fig. 1-C-a) . In addition, degradation products of SL RNA (marked with asterisks) were also observed. The identity of these fragments as SL RNA degradation products was verified by Northern analysis (results not shown). Staining of RNA purified from Lsm3 revealed a single RNA species of size corresponding to U6 (Fig. 1-C-b) . The identity of the RNAs enriched in the purification of both SmD3 and Lsm3 was verified by primer extension using U snRNA specific probes for SmD3 purification (Fig. 1-D-a) and for Lsm3 purification (Fig. 1-D-b ). The results demonstrate that SmD3 purification enriched SL, U1 and U5 snRNAs, and the purification of Lsm enriched U6 snRNA. Proteins from the final step of purification were fractionated on a 12% SDS polyacrylamide gel and stained with silver. The SmD3-associated proteins are presented in Figure 1 -E-a, and the Lsm3-associated proteins in Figure 1 -E-b. The proteins were then subjected to massspectrometry.
Proteins associated with SmD3 reveal snRNP proteins and novel splicing or splicing-associated factors
The purification of SmD3 identified 54 proteins (Table 1) , including: the entire repertoire of the seven Sm core proteins; Lsm2 and Lsm8; three of the U1 proteins, U1 70 kDa, U1A and U1C; six U5 snRNP proteins; proteins associated with the NTC complex (33) such as CWC21, PRP19, SYF1 and PRP46. The other proteins with known functions that were selected include: importin α; a TFIIH factor implicated in SL RNA transcription (34) ; the helicase, DHH1; polyA binding proteins PAB1 and PAB2; ATPase; and Up13 ubiquitin protein ligase (Table 1) . Of special interest are eight hypothetical proteins. The list in Table 1 , was compared to the list described in published reports of the purification of SmB (21) and SmD1 (23) . Of these, 30 of the proteins were already identified in the previous purification of the snRNP particles. In addition, 19 novel proteins were revealed for the first time in this study (see Table 1 ), and two additional proteins were detected here that were identified previously, but were not annotated. One is the Brr2 homologue (Tb927.5.2290), which shares 26% identity and 46% similarity with the yeast protein, and the second one is DED1 (Tb927.10.14550), which shares 38% identity and 57% similarity with the yeast protein ( Table 1 ). The purification revealed not only proteins stably associated with the snRNP particles, but also stable complexes that are most probably released from the active spliceosome, such as PRP19 and its associated proteins. Surprisingly, although the purification identified proteins involved in SL RNA transcription (TFIIH factor) and biogenesis (SMN and GEMIN2), none of the enzymes involved in cap modification were identified, suggesting that the interaction of these enzymes during SL RNA biogenesis is transient and not very stable. Comparing the data in Table 1 with previous studies (21, 23) suggests that our purification revealed eight novel hypothetical proteins, three of which were also identified in Lsm3 purification (see below), but also including two proteins with distinct domains (numbers 39 and 40 in Table 1 ). As in the study of Palfi et al. (21) , importin α, and polyA binding proteins were identified in the purified complex, but La protein, which was also purified by Luz Ambrósio et al. (23) , was not detected in our purification. In addition, our studies as well as those of Luz Ambrósio et al. (23) , failed to detect coatamer proteins that were identified in the purification of Palfi et al. (21) . Although U2 is the most abundant U snRNP, it was absent from the purified sample, since SmD3 does not bind to U2 snRNA (12, 13) . However, not all the co-purified proteins are necessarily genuine snRNP proteins, since the purification also included peptides from very abundant proteins such as the tubulins. Purification of proteins associated with Lsm3 protein.
The mass-spectrometry analysis of the Lsm3 associated proteins revealed 39 proteins ( Table 2) . As expected, the additional Lsm proteins associated with U6 snRNA were identified, except Lsm6 and Lsm7. Interestingly, these proteins were also barely detected in the purification of the yeast Lsm complex, and it was suggested that these proteins might be only loosely associated with the complex (25) . No other Lsm proteins were revealed, notably, including the absence of Lsm1; these results support the notion that trypanosomes may lack the Lsm1-7 complex, which in other eukaryotes, is implicated in mRNA degradation (25) . Indeed, as opposed to yeast, no proteins involved in mRNA degradation such as XRN1 and PAT1, were identified in the purification (25) . Six proteins that have homologues to U5-specific proteins were revealed. Among the proteins summarized in Table 2 are also U4-specific proteins, including PRP3, PRP4, and SNU13. In addition, the purification revealed six proteins (proteins 24-28) that might be contaminants. Of interest are those proteins that were enriched in both SmD3 and Lsm3 purifications (marked with asterisks). Such proteins most probably are associated with U5 snRNP, since both purifications enriched this complex. The function of the helicases that are associated with the Lsm and Sm proteins is currently unknown. Further studies are needed to establish the role of these proteins in trypanosome splicing. U1 snRNP is essential for cis-but not transsplicing, while U1A, a bona-fide U1 snRNP protein, is essential for trans-splicing, as well.
Previously, we observed that U1 snRNP exists in the same ~45S complex as the SL RNP and all other snRNPs essential for trans-splicing (14) . U1 snRNP was shown not to be essential for nematode transsplicing (35) . However, the role of U1 snRNP in trypanosomes is very puzzling since only three cisspliced substrates have been identified so far (36) . It was therefore of great interest to examine if U1 snRNP may have additional function(s) in trypanosomes, especially in trans-splicing. To this end, the function of U1 snRNP was examined by RNAi silencing of three of the U1 snRNP proteins, the U1 70 kDa, U1 24 kDa protein, and U1A. U1A was not detected in the initial purification of the U1 snRNP (8) , nor in the purification of SmB complex (21), but was first described in Luz Ambrósio et al. (23) . In this study U1A was also detected (Table 1) .
A stem-loop construct was prepared to silence the U1 70 kDa. The results (Fig. 2-A) demonstrate that the U1 snRNP is essential for the parasite, since upon silencing, growth was severely inhibited. Silencing was confirmed by Northern analysis and showed 95% reduction in the cognate mRNA ( Fig.  2-B) . Silencing of the U1 70 kDa destabilized the U1 snRNP. The level of U1 snRNA was determined by primer extension. Since U1 snRNA is not only capped but also modified at the first nt by Mtr1, three extension products were revealed, reflecting the fully capped snRNA, and the partially modified intermediates (37) . A reduction of 95± 3% in the level of U1 snRNA was observed, but no effect was observed on the level of other snRNAs ( Fig. 2-C) . Such a specific reduction is expected, since this protein binds to the first stem-loop of the RNA (8) . As expected, a change was observed for the cisspliced substrate, PAP (poly A polymerase) (Tb927.3.3160). Silencing for 2 days resulted in 65% reduction in the mature PAP transcript and was accompanied by increased level of the precursor ( Fig. 2-D) .
Next, the effect of U1 silencing on transsplicing was examined. Cells were silenced for 5 days, RNA and proteins were extracted from the 6 cells from the second day and analyzed. The level of the protein was examined by Western analysis using anti-U1 70 kDa antibodies. The results ( Fig. 2 -E-a) show reduction of 85% after 2 days of silencing; the protein was completely absent after 4 days. The RNA was subjected to primer extension with antisense SL RNA primer, and the level of SL RNA and the Y structure intermediate were quantified by densitometry ( Fig. 2 E-b) . The results suggest almost no change in SL RNA and the Y structure intermediate despite 85% reduction in the level of the protein, suggesting no effect on trans-splicing in the first days of silencing. Reduction in the level of Y structure and elevation of SL RNA were observed in the fourth and fifth days of silencing, suggesting that this might be a secondary effect due to a decrease in the level of PAP. Northern analysis demonstrated that tubulin precursors also accumulate after 4 days of silencing ( Fig. 2 -E-c), suggesting that the depletion of U1 snRNP does not directly affect trans-splicing; the trans-splicing defect that appears at later stages is most probably the result of inhibiting polyadenylation. Since polyadenylation and trans-splicing are coupled (38, 39) , inhibiting the polyadenylation process will compromise the trans-splicing process.
Next, the U1 24 kDa protein was silenced, using a stem-loop construct. The results ( Fig. 3-A) demonstrate that the U1 24 kDa protein is essential for the parasite, since upon silencing, growth was severely inhibited. The silencing was confirmed by Northern analysis and showed 93% reduction in the cognate mRNA ( Fig. 3-B) . The silencing only slightly reduced the level of U1 snRNA ( Fig. 3-C) . This is expected, since this protein interacts with U1 through a protein-protein interaction (8) . Silencing did not have any effect on trans-splicing, since no change in the level of SL RNA or the Y structure intermediate were observed (Fig. 3-D-a and b) . However, as expected, the protein is essential for the function of cis-splicing, and silencing resulted in reduction in PAP (40%) and accumulation of its precursor ( Fig. 3-E) .
The recent identification of U1A was surprising given the fact that its canonical binding site on U1 snRNA is missing (8) . The role of U1A in U1 snRNP function was therefore investigated as well by RNAi silencing. The results in Figure 4 -A demonstrate that U1A is essential for parasite growth; silencing eliminated the U1A transcript by 95% (Fig. 4-B) . As expected, since U1A does not bind directly to the RNA, its silencing did not affect the steady-state level nor the modification of U1 snRNA (Fig. 4-C) . Silencing of U1A compromised cis-splicing, as expected; the level of PAP was reduced by 35%, and the precursor was increased (Fig. 4-D) .
Next the effect of U1A on trans-splicing was examined. The U1A was PTP-tagged and introduced into the strain carrying the silencing construct. The results (Fig.4 -E-a) demonstrate 70% reduction in U1A protein from the second day of silencing. A clear trans-splicing defect was observed as early as the second day of silencing, resulting in increase of the SL RNA and reduction in the Y structure ( Fig. 4-E-b) . Northern analysis indicated an increase in tubulin precursors, which started to accumulate on the second day of silencing, suggesting a direct effect of U1A depletion on trans-splicing or polyadenylation ( Fig.  4 -E-c). This finding is in contrast to a secondary effect on trans-splicing observed only after four days of silencing of the U1 70 KDa (Fig, 2 -E-b and c).
Next, the localization of U1A was examined with respect to the SL RNA. Immunofluorescence was used to detect the PTP-U1A fusion and SL RNA was detected by in situ hybridization (Fig. 4-F) . The data suggest that U1A is not localized in the "SL RNP factory" since almost no overlap was found between the two chromophores ( Fig. 4 -F-e).
To investigate the basis for the effect of U1A on trans-splicing, the U1A complex was tagged in L. tarentolae, and after purification, the proteins were subjected to mass-spectrometry analysis. Proteins and RNA were extracted from the final step of purification. The eluted proteins were stained with silver ( Fig. 5-A) . The level of the selected RNAs was determined by primer extension, and the results demonstrate enrichment of the U1 snRNA and minor selection of U2 and U5 snRNPs ( Fig. 5-B) . The list of the proteins identified by massspectrometry is given in Table 3 . Surprisingly, in addition to the U1 snRNP proteins, other factors including the polyadenylation factor CPSF73 were enriched. In a parallel experiment, the proteins associated in L. tarentolae with the polyadenylation factor CPSF73 were purified and identified by mass-spectrometry (results not shown). Out of the 45 proteins associated with U1A, 25 were found in both complexes, suggesting that U1A might be involved in polyadenylation. Interestingly, among the selected proteins, factors involved in RNA metabolism and protein modification such as ADP ribosylation, polyubiquitinylation. and proteasome functions, were also identified (see Discussion).
To examine the intriguing possibility, that U1A participates in polyadenylation, the size distribution of the poly (A) tails was examined under U1A depletion. To this end, the poly (A) tails were labeled at the 3' end, and the mRNA was digested with RNases A and T1, leaving intact the poly (A) tails. The poly (A) tails were compared in uninduced cells and after 2 days of silencing. The same amount of RNA was used in each assay as judged by primer extension analysis using U3 snoRNA ( Fig . These results suggest that silencing of U1A affects the poly (A) tail length much like silencing of poly (A) polymerase, clearly suggesting a direct role of U1A in polyadenylation. However, at early stages of silencing, the U1 70 kDa does not affect polyadenylation. As discussed above, the effect of U1 70 kDa silencing on trans-splicing and polyadenylation are most probably secondary. Next, the presence of U1A in a complex outside the U1 snRNP was examined. To this end, whole cell extracts were prepared and fractionated on a 10-30% sucrose gradient. The fractions from the gradient were subjected to Western analysis (Fig. 5-D-a and b) . The U1A and 70 kDa proteins were found mostly at the top of the gradient in the 10S U1 snRNP complex, which was identified by primer extension of U1 snRNA (Fig. 5-D-c) . As opposed to the 70 kDa, the U1A was found in an additional complex of ~20S. The data presented in Figure 5 , suggest that U1A participates in polyadenylation, but most probably not as part of U1 snRNP. Since polyadenylation is linked to trans-splicing (38, 39) we cannot rule out the possibility that the effect on trans-splicing is not direct but stems only from the effect of U1A on polyadenylation. PRP19 is essential for the first step of transsplicing, functions early in SL RNA biogenesis, and is localized to the "SL RNP-factory".
The role of U1A in processes other than cissplicing demonstrated that in trypanosomes, conserved splicing factors might have evolved to carry out additional unique and special functions. The PRP19 complex was shown to be part of a saltresistant complex that is released from active mammalian spliceosomes (40) . This complex is known as the PRP19-CDC5 complex in mammals, and NTC in yeast (33, 40) . The PRP19 complex is required for stable association of U5 and U6 with the pre-mRNA after U1 and U4 have dissociated during the splicing reaction (33, 40) . It was interesting to find that SmD3 purification revealed the U5 associated NTC complex. Five proteins of the NTC were identified in this study, PRP19, HSP70, SYF1, CWC21, PRP46. Other components of this complex were also identified in the purification of the T. brucei snRNP complex, such as CWC15 (21, 23) . This suggests that the purification of Sm proteins is not only enriched for mono-particles, and small oligomeric snRNP complexes, but also for a complex that is most probably released from the active spliceosome. The trypanosome PRP19 shares 27% identity and 51% similarity with the human protein, and contains the three domains, an N-terminal U box (amino acids 2-59), a predicted coiled-coil domain (amino acids 67-121), and a WD repeat domain at its C terminus (amino acids 215-504) (see S-2).
To investigate the role of PRP19 in transsplicing, the gene was silenced by RNAi. The results in Figure 6 -A demonstrate that this factor is essential for growth. Silencing reduced the level of its mRNA by 98% (Fig. 6-B) . The silencing of PRP19 also inhibited cis-splicing, and a 50% reduction in PAP mRNA production was observed, together with an increase in the level of its precursor ( Fig. 6-C) .
Next, the effect of PRP19 silencing on transsplicing was examined. The silencing resulted in classical splicing defects, resulting in increased levels of SL RNA and reduction of the Y structure intermediate (Fig. 6-D-a) . Surprisingly, silencing also induced changes in SL RNA-capping, as can be seen by the accumulation of +2 cap nt, suggesting that PRP19 may be essential for the activity of MT57, the SL RNA specific cap-4 methylating enzyme, which carries out the modifications on the +3 and +4 nt of the SL RNA (41) (Fig. 6-D-b ) (see Discussion).
Since PRP19 seems to affect SL RNA capping, we investigated its localization in the "SL RNP factory", the sub-nuclear domain where SL RNA transcription, modification and Sm assembly take places (13, 20) . To investigate the presence of PRP19 in the "SL RNP factory", the co-localization of PRP19 with the SL RNA transcription factor, tSNAP42, was investigated. PRP19 was tagged in situ by YFP, and tSNAP42 was similarly tagged with CFP. The three-dimensional distribution of the two proteins was analyzed by fluorescence microscopy. As shown in Figure 6 -E, the three dimensional isosurface model, generated from the deconvoluted image stacks demonstrate that PRP19 co-localized with tSNAP42, showing that this factor is intertwined with tSNAP42, and suggesting that PRP19 interacts with the SL RNA early in its biogenesis. As expected, since PRP19 is present in the active spliceosome, it is also found in "speckles" in other nuclear domains.
GEMIN2 binds to snRNAs and has a general role in snRNA biogenesis
Recently, the SMN homolog was identified in T. brucei (21) . It was demonstrated that this factor functions to avoid illegitimate assembly of the canonical Sm proteins on RNAs that do not contain a bona fide canonical Sm site. The discriminatory activity of SMN in vitro requires pre-incubation of the SMN SmD3/B complex. Although GEMIN2 was shown to interact with SMN, its role in selective binding of the Sm core in trypanosomes is currently not known.
To investigate the role of GEMIN2 in snRNP biogenesis, the expression of the gene was silenced by RNAi, using a stem-loop construct (29) . The results in Figure 6 -A-a suggest that this factor is essential for growth. Silencing was confirmed by Northern analysis and showed 94% reduction in the cognate mRNA (Fig. 7-A-a) . The effect of silencing on the level of snRNAs was examined by primer extension. The results demonstrate a decrease in the level of U1 (43±11%) and U5 (30±5%) (Fig. 7-B  lanes 1 and 4) , and accumulation of defective SL RNA lacking modification at the +4 cap nt (35±5%) (Fig. 7-B, lane 6 ). This phenotype resembles the phenotype of Sm depletion, leading to a decrease in the U snRNAs but an increase in defective SL RNA (9) . Of special interest is the phenotype observed for U2 and U4 snRNAs. Silencing increased the level of U2 snRNA (10±4%). In the absence of Sm core assembly for U1, U5 and especially SL RNA, the pool of remaining Sm proteins becomes available for U2 snRNP. This may explain why the level of U2 increases during GEMIN2 silencing. However, the U4 snRNA level was decreased (10±2%) (Fig.  7-B, lane 3) . U4 snRNA requires SmB for its proper assembly. In the absence of GEMIN2, which binds and may stabilize the steady state-level of SmD3/B, the level of SmB might be reduced, thus affecting the assembly of U4 snRNP. GEMIN2 is also required for cis-splicing, since in the silenced cells, the level of PAP was decreased by 50%, while the precursor was increased (Fig. 7-C) .
Since SL RNA assembles in the "SL RNP factory", it was of interest to examine if GEMIN2 is localized to this site. The results in Figure 7 -D using immunofluorescence with PTP-tagged protein and in situ with SL RNA, suggest co-localization. To quantitate the degree of co-localization the fluorescence of both chromophores was measured; the results indicate the presence of a distinct overlapping peak between the SL RNA and GEMIN2 (Fig. 7-D-e) . However, GEMIN2 exists in other domains in addition to the "SL RNP factory", as expected from a factor that also participates in the biogenesis of other snRNPs.
Identification of trypanosome-specific splicing factors
The localization of GEMIN2 outside the SL RNP factory, observed in Figure 7 -D, led us to examine where U1 and U5 assembly may takes place in the nucleus, and especially to explore whether these RNPs assemble in the "SL RNP factory".
PRP6 is a splicing factor that binds the 20S free U5 snRNP, but in mammals also functions to mediate the interaction with U4/U6 to form the trisnRNP complex (42) . PRP6 was tagged by PTP and the association of this factor with the different snRNAs was examined by quantitating the amount of snRNAs co-precipitated by the tagged protein.
The results in Figure 8 -A-a clearly show that PRP6 binds efficiently to U5, but also binds to U4 and U6, albeit at a lower level, suggesting that the factor binds not only to U5 snRNP but also to the trisnRNP complex. The localization of PRP6 was examined with respect to the SL RNA, and the results suggest that this factor does not co-localize with SL RNA, in the "SL RNP factory" (Fig. 8-Ab) ; this result suggests that the "SL RNP" factory is exclusively dedicated to SL RNP production.
The purification of SmD3 particles identified several hypothetical proteins. To examine if these factors are bona fide splicing factors, we have begun to analyze their function, searching for SL RNP-specific proteins. One of the criteria for a protein that may function in SL RNP biogenesis is its concentration in the "SL RNP factory". Several factors that were consistently purified with the SmD3 complex were further analyzed. One such factor is the protein encoded by Tb 09.211.4670. This factor is found only in trypanosomatid species. It contains two distinct domains: a NIF domain known to function in interaction with DNA binding proteins, and a zinc finger domain, which is absent in T. brucei but exists in other trypanosomatid species. ClustalW multiple sequence alignment of the factor in the different trypanosomatid species was performed (S-3). To explore its function, the gene was silenced using a T7-opposing silencing construct (29) . The results in Figure 8 -B-a suggest that this factor is essential for growth. Silencing was confirmed by Northern analysis and showed 95% reduction in the cognate mRNA (Fig. 8-B-b) . The effect of silencing on the level of snRNAs was determined by primer extension. The results demonstrate reduction in the level of U4 (45±5%), U5 (12±2%), and U6 (10%±1) snRNAs (Fig. 8-Bc) . The localization of this factor was determined using a PTP-tagged protein, and the results indicate that it is a nuclear factor, present in "speckles" (Fig.  8-B-d) . Altogether, these results suggest that Tb09.211.4670 encodes for a trypanosomatidspecific splicing factor that is involved in tri-snRNP complex biogenesis.
Finally, we examined the localization of additional proteins that consistently co-purified with the SmD3 complex. The intracellular localization of Tb927.7.3560, Tb927.10.1490, Tb927.7.2570 and Tb927. 10.1630 was determined by immunofluorescence of PTP-tagged proteins. The results presented in Fig. 8-C suggest that Tb.927.7.3560, possessing a WD-domain, is localized in nuclear speckles, though in situ hybridization failed to detect this factor in the "SL RNP factory" (our unpublished results). Likewise, Tb927.10.1490 also localized in nuclear "speckles" but was not found within the "SL RNP factory". Of additional interest are two factors, Tb927.10.1630 and Tb927.7.2570, which have para-nuclear staining. This might indicate that snRNP biogenesis (not SL RNP) may also have a cytoplasmic phase (see Discussion).
DISCUSSION
In this study, the Sm, Lsm and U1A complexes were purified from Leishmania. This is the first purification of Lsm complex from trypanosomatids, leading to the identification of 39 snRNP U6-associated proteins. Interestingly, the purification did not reveal factors associated with mRNA stability, suggesting that Lsm proteins are either not involved in this process, or that these factors are not tightly bound to the Lsm complex, as in other eukaryotes (25) . The purification of SmD3-associated proteins revealed 30 snRNP proteins already identified in T. brucei. However, 20 additional proteins were also discovered that were either not previously identified or were not annotated before. The function of proteins identified by mass-spectrometry in Leishmania were studied in T. brucei, including that of U1 and U5 binding proteins, as well as PRP19 and GEMIN2 and additional proteins that have no homologues in other eukaryotes. The results suggest that U1 snRNP is not essential for trans-splicing, but one of the U1 snRNP proteins U1A is. To investigate the function of U1A in mRNA processing, the U1A complex was purified and 45 additional proteins were identified, including the polyadenylation factor, CPSF73. U1A was found to be required for polyadenylation, since 3' end formation is linked to trans-splicing (38, 39) , explaining how its depletion affects the trans-splicing process. This study also revealed conventional splicing factors that acquired trypanosome-specific functions. One such factor is PRP19, which is not only essential for transsplicing but also plays a role in SL RNA biogenesis and is localized in the "SL RNP factory". Another factor belonging to this family is the SMN complex protein, GEMIN2, which was found to be a master regulator of snRNP assembly. The factor is localized to the "SL RNP factory", but is also found in other nuclear locations and most probably functions to deliver the SmD3/B proteins to SMN, and initiates the assembly of Sm core proteins on U1, U5 and SL RNAs. The "SL RNP factory" does not contain mature U1 and U5 snRNPs, suggesting that this site is exclusively devoted to SL RNP production. Several proteins that were co-purified with SmD3 are trypanosome -specific, are localized in nuclear speckles, and affect snRNP biogenesis, suggesting that in addition to canonical splicing factors, trypanosomes express specific splicing factors. U1 functions in cis-splicing but U1A affects trans-splicing via its direct role in polyadenylation
The function of U1 snRNP in trypanosome processing was always very puzzling, given that only three cis-splicing substrates have been found in the genome (36) . The finding that U1 snRNP seems to be essential only for cis, but not for trans-splicing (Figs. 2 and 3 ) is in agreement with results obtained in vitro in a nematode trans-splicing system (35) . However, our analysis of U1A silencing demonstrates that U1A is essential for both cis-and trans-splicing (Fig. 4) , suggesting that this factor might have additional functions in the cell in addition to its cis-splicing role. U1 snRNP, and especially U1A, were shown in other eukaryotes to regulate 3' end processing of its own mRNA (43) .
The effect of U1A depletion on trans-splicing may stem from its role in polyadenylation, due to the linkage between these processes (38, 39) . Indeed, U1A was shown to associate with mammalian poly (A) polymerase (44, 45) . To examine if the effect of U1A depletion on trans-splicing stems from its direct role in polyadenylation, two different approaches were taken; these included purification of protein complexes carrying U1A, and examining the direct role of the factor in polyadenylation. Since poly (A) polymerase is itself a substrate of cis-splicing one can argue that affecting the level of U1 snRNP affects the production of PAP. However, this does not appear to be the case, as can be deduced from the different phenotypes observed for the U1A and U1-70 kDa silencing. Whereas silencing of the U1 70 kDa was already efficient after 2 days of silencing, no trans-splicing defect was observed. However, U1A silencing resulted in a clear defect in trans-splicing after 2 days of silencing and the effect became stronger as a result of more complete depletion of the protein (Fig. 4-Eb, c) . More convincing support for the direct involvement of U1A in polyadenylation comes from the effect of silencing on the length of the poly (A) tail. The effect of U1A silencing on the poly (A) tails was similar to that in cells silenced for the poly (A) polymerase itself. No effect on the length of poly (A) was observed in the first days of U1 70 kDa silencing. Additional, strong evidence for the involvement of U1A in polyadenylation comes from the mass-spectrometry analysis of the U1A-associated proteins. First, the polyadenylation factor CPSF73 was detected in association with U1A. In addition, out of 45 proteins identified, 25 were found to be associated with complexes purified in L. tarentoale with CPSF73. Note, that these common proteins are unique to these complexes, since the majority of these proteins did not appear in the purification of SmD3 or Lsm3 nor in the purification of splicing factors such as U2AF35, SF1, TSR1 and TSRIP (our unpublished results).
Interestingly, a recently purified mammalian complex active in 3' end formation was shown to contain, in addition to known polyadenylation factors, factors involved in splicing, transcription, signaling, translation and DNA-damage response (46) . The purification of U1A revealed the expected U1 snRNP proteins, but also other factors (Table 3) including splicing factors, helicases, and proteins involved in DNA damage and repair. One such protein is encoding for Tb927.8.2230, related to HUS-1 protein implicated in DNA damage response, and factors involved in ADP-ribosylation. ADP-ribosylation controls various processes, including DNA-repair pathways (47) . The purification also revealed factors involved in ubiquitinylation and the proteasome. Indeed it was demonstrated in mammalian cells that small ubiquitin-like modifier (SUMO) regulates PAP and CPSF73 activity (48, 49) . In addition, PAP was shown to be regulated by ubiquitinylation in yeast (50) . Interestingly, the same ADP-ribosylation and ubiquitinylation factors co-purified with U1A were shown to associate with L. tarentoale CPSF73 (our unpublished results), suggesting that these factors are important to execute or regulate 3' end formation.
PRP19 is an essential splicing factor that is also involved in regulating cap-4 formation
The purification of PRP19 with its associated factors using Sm proteins as bait, suggests that this purification approach is able not only to capture the U5 mono-particles and the tri-snRNP complex, but also the U5 complex that exists in the active spliceosome, known as the NTC complex (27) . Interestingly, the trypanosome NTC-like complex with its associated proteins was detected only in the purification of SmD3 but not in the purification of the Lsm complex. It was shown that Lsm proteins are released in the active spliceosome, whereas Sm proteins remain associated with the active spliceosomal complex (27, 40) . This explains why the NTC complex was not detected among the proteins co-purified with the Lsm complex.
PRP19 is a very essential component of the NTC complex. The trypanosome PRP19, like its homologues, contains three domains (indicated in S-2). The three domains include an N-terminal U box, a predicted coiled-coil domain, and a WD repeat domain at its C terminus (51) . The U-box is structurally similar to RING finger domains. Like many proteins containing RING finger domains, PRP19 proteins exhibit E3 ubiquitin ligase activity in vitro (51) . Recently it was demonstrated that ubiquitinylation/de-ubiquitinylation take place during spliceosome activation (52) . The trypanosome PRP19 might also serve as a ubiquitin ligase during splicing activation, as in cis-splicing. Of special interest are: (1) the localization of PRP19 in the "SL RNP factory", which was established based on its distinct co-localization with tSNAP42 (Fig. 6) , and (2) the effect of PRP19 on capping of the SL RNA. Silencing led to the accumulation of capped SL RNA at the +2 position. The effect on capping is surprising. It will be interesting to examine whether MT57, which carries out the +2 modification (41) , is controlled by PRP19. Further research is necessary to elucidate the exact role of PRP19 during SL RNA capping and biogenesis. Because of the close association of PRP19 with the SL RNP factory and since this factor is retained throughout the splicing reaction, it might serve as the factor that helps incorporate the SL RNP into the spliceosome. Lsm complex purification revealed the entire subset of U4, U5, and U6 proteins but no factors involved in mRNA stability
The purification of the Lsm complex led to the identification of (1) five out of the seven Lsm proteins, (2) six of the Sm proteins (all except SmE), (3) six U5 snRNP proteins, and (4) three U4/U6 proteins, suggesting that the U4.U6 and the tri-snRNP complex are sufficiently stable to be purified via an Lsm protein. Of special interest are the five helicases revealed in this purification, one of which was identified as DED1 (Tb927.10.14550). Among the helicases was also DHH1, which was shown to exist in P-bodies in other eukaryotes and in stress granules in trypanosomes (53) . The other helicases are of unknown function. These helicases are not homologues of known helicases that function in cissplicing such as SUB2, PRP2, PRP16, PRP22, and PRP43 (our unpublished data), and might be specific to trans-splicing. Note, that U5 snRNA interacts by base-pairing with SL RNA in both intron and exon domains, and therefore helicase(s) may be needed to unwind this interaction (54) .
The purification of Lsm3 also did not reveal factors involved in mRNA decay. However, our previous study of Lsm8 silencing indicated changes in mRNA stability as a result of depleting this factor, suggesting the involvement of Lsm proteins in mRNA degradation (11) . Previously, we also provided evidence that Lsm proteins could not be detected in P-bodies or stress granules. However, these bodies in trypanosomes may function in the storage of mRNA but not their degradation (26) . It is still possible that Lsm 2-8 function in mRNA decay, but these factors are not stored in P-bodies, and their association with the decay machinery is weak, and was disrupted during the purification performed in this study.
GEMIN2 both directly and indirectly affects the biogenesis of trypanosome snRNP
As stated above, SMN was shown to be essential for directing the Sm core to U1, U5 and SL RNA, avoiding the binding of the Sm core to RNAs carrying non-canonical Sm sites, such as U2 and U4 snRNAs. In vitro, this selective binding can be achieved solely by SMN. However, to achieve this selective interaction, pre-incubation of SMN with SmD3/B was required (21) . Since SMN alone can mediate the selective association of snRNA with the canonical Sm binding site, the function of GEMIN2 found in the same complex, remains unknown (21) . The phenotype of GEMIN2 silencing may hint at its function. Its depletion reduced the level of U1 and U5 as expected, because in the absence of a functional SMN complex, the assembly of Sm core proteins on these RNAs is perturbed. GEMIN2 might be responsible for selectively recruiting the SmD3/B to associate with SMN, delivering the dimeric complex to SMN and thereby specifying and initiating the assembly of the canonical Sm core. The association of GEMIN2 with snRNA directs the assembly of the canonical core on snRNAs. However, the signals that specify the association of specific snRNAs carrying a canonical Sm site with SMN are currently unknown. In mammalian cells, the specificity of recognition is mediated by GEMIN5 (55) . However, no other GEMINS were identified in our purification. Interestingly, a possibility exists that GEMIN2, which is larger in trypanosomes, may manifest this binding ability. It is possible that the primordial SMN complex is composed of a single type of GEMIN.
The "SL RNP factory" functions exclusively in SL RNP production
The "SL RNP factory" was first noted as a distinct site near the nucleolus that contains the SL RNA and polymerase II (19) . tSNAP42 was shown to reside at this site (56) , and later it was noticed that this domain also contains core Sm proteins, but not the SSm2 proteins that specifically bind to U2 snRNP (13) . The finding that Sm core assembly involves the SMN complex raised the possibility that this domain might comprise the assembly site of all U snRNAs binding to the canonical Sm core. To investigate this possibility, we followed the localization of U1 and U5 specific proteins with respect to SL RNA, and no evidence was found for the localization of these proteins in the "SL RNP factory".
Microscopically, the "SL RNP factory" appears either in a single spot or sometimes as two spots. This pattern of imaging was obtained either by in situ hybridization with SL RNA probe (9, 19, 57) , or by localization of Sm proteins and tSNAP42 protein (13, 56) . The "SL RNP factory" might assemble by guest on October 5, 2017 http://www.jbc.org/ Downloaded from around the transcriptionally active SL repeat units, much like the assembly of the nucleolus around the actively transcribed rRNA repeats. This may explain why U1 and U5 snRNAs are not found in these sites. All the data from our laboratory support the notion that SL RNA is transcribed and modified within the nucleus (13, 20, 57) . The enzymes that carry out cap-4 modification also reside in the nucleus (37, 41, 58) , as well as SNIP, a nuclease that is involved in processing the SL RNA tail (10) . In addition, cap-4 formation was shown to be coupled to nascent transcription of the SL RNA (7). However, it is not currently known whether snRNA assembly takes place exclusively in the nucleus, as this process may also have a cytoplasmic phase. It is therefore interesting to note that among the factors that associate with SmD3 are also cytoplasmic factors with distinct para-nuclear localization. It is yet to be determined if these factors are involved in regulating the formation of the snRNPs or in recycling its different components.
Despite the detailed description of the U1, U5, U6 and tri-snRNP complexes, this study as well as previous studies (21, 23) failed thus far to identify SL RNP-specific proteins. Such proteins might be either known splicing factors that also stably bind the SL RNA, such as PRP19, which associates with SL RNP early in its biogenesis (Fig. 6-E) , or they may be found among the hypothetical proteins identified in these studies. A few such proteins were already analyzed in this study (Fig. 8 B-C) . The next challenge will be to identify additional key trypanosome-specific factor(s), possibly among the hypothetical proteins identified here, and to further classify the splicing factor(s) with which the SL RNP-specific proteins interact to mediate the recruitment of the SL RNP to the spliceosome.
66. Holetz, F. B., Correa, A., Avila, A. R., Nakamura, C. V., Krieger, M. A., and Goldenberg, S. Western analysis demonstrating the expression of SmD3 and Lsm3 tagged proteins; proteins were extracted from 10 7 cells, separated on a 12% SDS-polyacrylamide gel and subjected to Western analysis by reaction with rabbit IgG (Sigma). C. Silver stain of RNA extracted from the purified SmD3 (a) and Lsm3 (b) particles. Purification was carried out from ~2×10 11 cells as described in Experimental Procedures. Half of the final material was separated next to total RNA (10 µg) on a 6% denaturing acrylamide gel. The gel was stained with silver. The size markers and the identity of the RNAs are indicated. D. Primer extension to identify the content of U snRNA in the purified complexes. SmD3 (a) and Lsm3 (b). Half of the sample analyzed in Panel C was subjected to primer extension using U snRNA-specific probes, listed in S-1. E. Protein composition of the SmD3 (a), and Lsm3 (b) complexes. Purification was performed using ~2×10 11 cells, as described in Experimental Procedures. The purified proteins were separated on a 12% SDSpolyacrylamide gel and stained with silver. The molecular mass markers are indicated. A. Growth curves of T. brucei cells silenced for the U1 70 kDa. Growth of uninduced cells was compared to growth after tetracycline addition. Both uninduced and induced cultures were diluted daily to 2×10 4 cells per ml. B. Northern blot analysis of the U1 70 kDa gene. RNA was prepared from uninduced cells (-Tet) and from cells after 2 days of induction (+Tet). Total RNA (20 µg) was subjected to Northern analysis with random labeled probes. The transcript of the U1 70 kDa and the dsRNA are shown, as well as 7SL RNA, which was used to control for equal loading. C. Silencing of the U1 70 kDa specifically destabilized the level of U1 snRNA. Total RNA as was extracted from uninduced cells or after 2 days of induction. The level of the U snRNAs was determined by primer extension and the degree of reduction was determined by phosphorimaging. D. The effect of U1 70 kDa silencing on cis-splicing. cDNA was prepared from the RNA extracted from uninduced cells (-Tet) or after 2 days of induction (+Tet). The cDNA was subjected to PCR with oligonucleotides specific to mature or pre-PAP transcript, as described in Experimental Procedures. The level of 7SL RNA was used to control for equal amounts of cDNA. E. a. Reduction in the level of U1 70 kDa during silencing of gene expression. Proteins from cells ( 10 7 ) after 2, 3, 4 and 5 days of silencing were separated on a 10% SDS polyacrylamide gel and subjected to Western analysis with anti-U1 70 kDa antibodies prepared as described in the Experimental Procedures. An additional aliquot of tetracycline was added after 3 days, to induce maximum silencing. Reactivity with PTB1 antibodies (59) was used as a control for equal loading. b. trans-splicing during U1 70 KDa silencing. Total RNA (10 µg) from the same cells as described in panel a. was subjected to primer extension with an oligonucleotide complementary to the intron region of SL RNA (S-1). Primer extension of U3 snoRNA was used to control for the level of the RNA in the samples. The products were separated on a 6% acrylamide denaturing gel. The results were subjected to phosphorimaging and quantitation was performed using ImageJ. The level of SL RNA and Y structure are given as fold change with respect to the amount present at day zero, and were normalized to the level of U3 snoRNA. c. Changes in the level of tubulin precursor during silencing of the U1 70 kDa. Total RNA (20 µg) from the cells described in panels a and b, was subjected to Northern analysis with anti-sense tubulin RNA probe. The blot was hybridized with random -labeled 7SL RNA probe to control for equal loading. was subjected to Northern analysis with random labeled probes. Blot shows the transcript of the U1 24 kDa gene and the dsRNA, as well as 7SL RNA, which was used to control for equal loading. C. Silencing of the U1 24kDa slightly reduced the level of U1 snRNA. Total RNA (10 µg) was prepared from cells carrying the silencing construct uninduced (-Tet) or after 2 days of induction (+Tet) and was subjected to primer extension with U1-specific oligonucleotide, and the change in the level was determined by phosphorimaging. The level of U3 snoRNA was used to control for equal loading.
D.
Total RNA (10 µg) was prepared from cells carrying the silencing construct uninduced (-Tet) or after 2 days of induction (+Tet), and was subjected to primer extension with oligonucleotide complementary to the intron region of SL RNA (S-1). The products were separated on a 6% denaturing gel. The level of U3 snRNA was used to control for equal loading. b. The effect of U1 24 kDa silencing on SL RNA capping. RNA, as in panel a, was subjected to primer extension with oligonucleotide complementary to SL RNA (S-1). The RNA was separated on a 6% denaturing gel. The position of the capped nts is indicated. E. The effect of U1 24 kDa silencing on cissplicing. cDNA was prepared from RNA extracted from uninduced cells (-Tet) or after 2 days of induction (+Tet). The cDNA was subjected to PCR with oligonucleotide specific to mature or to pre-PAP transcript, as described in Experimental Procedures. The level of 7SL RNA was used to control for equal amounts of cDNA. trans-and cis-splicing. A. Growth curves of T. brucei cells silenced for U1A. Growth of uninduced cells was compared to growth after tetracycline addition. Both uninduced and induced cultures were diluted daily to 5×10 4 cells per ml. B. Northern blot analysis. RNA was prepared from uninduced cells (-Tet) and cells after 2 days of induction (+Tet). Total RNA (20 µg) was subjected to Northern analysis with random labeled probes. The transcript of the U1A and the dsRNA as well as 7SL RNA that was used to control for equal loading are indicated. C. Silencing of U1A has no effect on the level of U1 snRNA. Total RNA was extracted from uninduced cells or after 2 days of induction and 10 µg was used to determine the level of the U1 snRNA by primer extension. The level of U3 was used to control for equal loading. D. cis-splicing of PAP in U1A silenced cells. RNA was prepared from uninduced cells, or after 2 days of induction. cDNA was prepared, and subjected to PCR amplification with oligonucleotide specific to mature or pre-PAP transcript, as described in Experimental Procedures. The level of 7SL RNA was used to control for equal amounts of cDNA. E. a. Effect of U1 silencing on the level of U1A protein. Cells expressing PTP-U1A and the U1A silencing construct were silenced for the number of days indicated. Proteins from cells (10 7 ) after 2, 3, 4 and 5 days of silencing were separated on a 10% SDS polyacrylamide gel and subjected to Western analysis as described in the Experimental Procedures. Reactivity with PTB1 antibodies was used as a control for equal loading. b. U1A silencing affects trans-splicing. Total RNA (10 µg) from the same cells as described in panel a. was subjected to primer extension with an oligonucleotide complementary to the intron region of SL RNA (S-1). Primer extension of U3 was used to determine the RNA used. The products were separated on a 6% acrylamide denaturing gel. The results were subjected to phosphorimaging and quantitation using ImageJ. The levels of SL RNA and Y structure are given as fold change with respect the amount present at day 0, and were normalized to the level of U3 snoRNA. c. Changes in the level of tubulin precursor during silencing of U1A. Total RNA (20 µg) from the cells described in panel a and b, was subjected to Northern analysis with anti-sense tubulin RNA probe. The blot was hybridized with random -labeled 7SL RNA probe to control for equal loading. Protein composition of the U1A complex. Purification was performed using ~2×10 11 cells, as described in Experimental Procedures. The purified proteins were separated on a 12% SDS-polyacrylamide gel and stained with silver. The molecular mass markers are indicated. B. Specificity of snRNA selection using the U1A-tagged protein. Extract was prepared from cells as described (13) . RNA was extracted from IgG-agarose beads and subjected to primer extension with the different probes (S-1). RNA was prepared from an aliquot of cells before selection (Total), and RNA from the beads (Final). Only an aliquot (2%) of the sample was analyzed from the total RNA, whereas the entire sample from the beads was analyzed. C. U1A functions in polyadenylation. a. The changes in poly (A) tail during U1A silencing. Cell expressing silencing constructs for either PAP (our unpublished results), U1 70 kDa, and U1A were silenced. RNA was prepared from uninduced cells (-) or after 2 days of silencing (+). RNA was splint labeled, digested with RNaseA and T1 and the labeled tails were separated on a 15% denaturing gel next to a pBR322 DNA-Msp I digest. The level of U3 snoRNA was used to determine the amount of RNA in each sample. b. Quantitation of the poly (A) tail length. The phosphorimages were scanned and the intensity of the signals was measured and plotted. The black and gray histograms represent the tail length distributions of uninduced and induced cells, respectively. D-Fractionation of U1 snRNP associated proteins. Whole cell extracts were prepared from 5 X 10 8 cells and layered on continuous 10-30% (w/v) sucrose gradient in buffer A containing 150 mM KCl. Gradients were centrifuged at 4 o C for 3 h at 35,000 rpm in a Beckman SW41 rotor. S values were determined using the following standards: 30S, 50S and 70S E. coli ribosomes and the enzyme, catalase (10S). Following centrifugation, 24 fractions were collected and RNA and protein samples were prepared after ethanol precipitation. The proteins were subjected to Western analysis with anti-U1 70 kDa antibodies that recognize the PTP-tagged U1A and the U1 70 kDa.. U1 snRNA level was determined by primer extension. . Total RNA (20 µg) was subjected to Northern analysis with random labeled probes. The transcript of PRP19, dsRNA, as well as 7SL RNA that was used to control for equal loading are indicated. C. Silencing of PRP19 affects cis-splicing. RNA was prepared from uninduced cells, or after 2 days of induction. cDNA was prepared, and subjected to PCR amplification with oligonucleotide specific to mature or pre-PAP transcript, as described in Experimental Procedures. The level of 7SL RNA was used to control for equal amounts of cDNA. D. Silencing of PRP19 affects trans-splicing and SL RNA capping a. Total RNA was extracted from uninduced cells or after 2 days of induction, and was subjected to primer extension with oligonucleotide complementary to the intron region of SL RNA (S-1). The products were separated on a 6% acrylamide denaturing gel. The level of U3 snoRNA was used as a control for equal loading. Growth of uninduced cells was compared to growth after tetracycline addition. Both uninduced and induced cultures were diluted daily to 5×10 4 cells per ml. b. Northern blot analysis of the GEMIN2 gene. RNA was prepared from uninduced cells (-Tet) and cells after 2 days of induction (+Tet). Total RNA (20 µg) was subjected to Northern analysis with random labeled probes. The transcript of GEMIN2, dsRNA, as well as 7SL RNA that was used to control for equal loading are indicated. B. The level of U snRNAs upon GEMIN2 silencing. Total RNA was extracted from uninduced cells or after 2 days of induction. The level of the U snRNAs was determined by primer extension using specific oligonucleotide, as listed in S-1. U3 level was used as a control for equal loading. C. Silencing of GEMIN2 affects cis-splicing. RNA was prepared from uninduced cells, or after 2 days of induction. cDNA was prepared, and subjected to PCR amplification with oligonucleotide specific to mature or pre-PAP transcript, as described in Experimental Procedures. The level of 7SL RNA was used to control for equal amounts of cDNA. D. Localization of GEMIN2 with respect to SL RNA. In situ hybridization combined with immunofluorescence was performed as described in Experimental Procedures. . a. PRP6 is associated with U5 but also with U4 and U6 snRNPs. Extract was prepared from cells as described (13) . RNA was extracted from IgG-agarose beads and subjected to primer extension with the different probes (S-1). RNA was prepared from an aliquot of cells before selection (Total), and RNA from the beads (Final). Only an aliquot (2%) of the total RNA sample was analyzed, whereas the entire sample from the beads was analyzed. b. Localization of PRP6 with respect to SL RNA. In situ hybridization combined with immunofluorescence was performed as described in Experimental Procedures. (a) in situ hybridization with SL RNA; (b) Immunofluorescence of PTPtagged PRP6; (c) merge of (a) and (b); (d) DIC and DAPI-stained nuclei merge with (c); (e). The intensity plot of the three chromophores under the line (inset) as described in Fig. 7 D-e, demonstrating no significant overlap between the SL RNA and PRP6. B. The gene coding for Tb09.211.4670 is essential and its silencing affects the level of U4 and U5 snRNAs. a. Growth curves of T. brucei cells silenced for the factor. Growth of uninduced cells was compared to growth after tetracycline addition. Both uninduced and induced cultures were diluted daily to 5×10 4 cells per ml. b. Northern blot analysis demonstrating the silencing of Tb09.211.4670. RNA was prepared from uninduced cells (-Tet) and cells after 2 days of induction (+Tet). Total RNA (20 µg) was subjected to Northern analysis with random labeled probes. The transcript of the gene, dsRNA as well as 7SL RNA that was used to control for equal loading are indicated. c. The level of U snRNAs upon silencing. Total RNA as was extracted from uninduced cells or after 2 days of induction. The level of the U snRNAs was determined by primer extension using specific oligonucleotide,s as listed in S-1. U3 snoRNA level was used as a control for equal loading. L. tarentolae proteins were identified by mass spectroscopy as described in Experimental Design. Each protein is described by the systematic GeneDB name (http://www.genedb.org), annotation, molecular mass (kilodaltons), T. brucei homologue, molecular mass of the T. brucei homologue, and reference. An asterisk after the annotation indicates that this protein was also identified by CPSF73 purification. Proteins were grouped U1 snRNP, RNA processing factors, helicases/ATPases, chaperons, translation factors, post translation factors, and other proteins.
